Introduction
Previously, we reported the dicationic diphosphinepalladium(II) bis(trifluoromethanesulfonate) [(BINAP)Pd(solvate) 2 ] 2 þ [TfO] À 2 (1) as an efficient catalyst for the conjugate addition of aromatic amines to alkenoyl-N-oxazolidinones 2 and N-carbamate esters 3 with high enantioselectivity (Scheme 1). [1] Both substrates 2 and 3 contain 1,3-dicarbonyl groups. We postulated that they are able to form templates with the Lewis-acidic palladium metal centre, predisposing the attack of the nucleophile stereoselectively at the bposition (Fig. 1 ). In the absence of these chelating moieties, the addition of aniline to methyl crotonate proceeded in just 24% ee under the same reaction conditions. [1d] Given that the reaction conditions are identical, the disparity between the reactivity of the two substrates is striking, and appears to be dependent on the nature of the chelating moiety. For example, the addition of aromatic amines to alkenoyl-N-oxazolidinones 2a requires a relatively high catalytic loading (10 mol %) to achieve 93% yield in 18 h (93% ee). In contrast, amine addition to the analogous substrate 3a is much more facile, only 2 -5 mol % of the catalyst was required to afford comparable yields.
Intrigued by this dramatic change in reactivity between the cyclic and acyclic Michael acceptors, we initiated a study to examine other olefin substrates contain-Scheme 1. Enantioselective addition of aromatic amines to a,b-unsaturated N-oxazolidinones 2 and N-carbamates 3 catalysed by 1.
ing a structural motif containing non-cyclic 1,3-chelating carbonyls. Previously, a,b-unsaturated N-imides have been employed as Michael acceptors in enantioselective addition of a remarkable range of nucleophiles, including hydrazoic acid, [2] as well as cyanide, [3] stabilised carbanions [4] and oximes, [5] catalysed by Salen-Al complexes. In this paper, the palladium-catalysed conjugate addition of aromatic amines to alkenoyl N-imide substrates, 4 -6 ( Fig. 2) , will be examined. The result will be compared with those obtained in the previous studies (Scheme 1). Additionally, substituent (Y) at the paraposition of the benzoyl group was introduced, to probe the electronic effects exerted by the terminal carbonyl group.
Results and Discussion

Synthesis of N-Imide Substrates
The N-imide substrates may be prepared in multigram quantities in three steps by adopting published procedures (Scheme 2). [6] Following acyl substitution of chloroacetyl chloride with the corresponding benzamides, Arbuzov, and Horner-Wadsworth À Emmons (HWE) reactions were performed to furnish imides 4a -c, and 5a. Due to the low nucleophilicity of 4-chlorobenzamide, a different procedure was adopted for the synthesis of 6a, obtained from the reaction between crotonyl chloride and deprotonated 4-chlorobenzamide.
Catalytic Conjugate Addition Reactions
Effect of Solvents (Table 1) The reaction between aniline and crotonyl N-imide 4a was performed initially in five different reaction media (Table 1 ). [7] As was observed in previous systems, the non-coordinating toluene offered the highest yield of the product with the best stereoselectivity (Table 1 , entry 1), whereas polar, more coordinating, solvents such as acetonitrile and methanol were detrimental to yield and selectivity (entries 4 and 5). However, unlike previous systems, [1c -d] dichloromethane and THF were welltolerated (entries 2 and 3), thus suggesting that the chelate ring obtained with the N-imide ( Fig. 1) is more stable towards solvents of weak coordinating ability.
Rates of Addition of Different Aromatic Amines (Table 2)
Previously, the relative rates of amine addition to the N-Boc substrate 3a were found to be in the order: 4chloroaniline > aniline > 4-anisidine (unusually decreasing in the order of increasing nucleophilicity). [1c] The same experiments were replicated for the addition of the amines to 4a in toluene-d 8 , using 1 H NMR spectroscopy to monitor the progress of the reaction (Table 2) . Interestingly, a different trend was obtained. Although the addition of the most electron-rich anisidine remained sluggish, the relative rates of addition of the other two were found to be virtually the same! The nature of the N-substituent evidently has a modulating effect on the reactivity of the amines, although the origin of this is not clear at this stage. (Table 3) The homologation of the b-substituent was examined in the next part of our investigation. In the analogous addi-tion to substrate 3a -3c, ee values varied considerably between 16 to > 99% ee. [1c] In contrast, the enantioselectivity of the present system appeared to be relatively insensitive to the electronic structure of the amine, ranging between 73 -89% for the addition to 4a ( Table 3 , entries 1 -4), 51 -63% to 4b (entries 5 -8) and 55 -70% to 4c (entries 9 -12). Also noticeable are the comparatively low ees obtained from the addition of the electron-deficient 4-chloroaniline. In each case, it is substantially inferior compared to the addition of the electronically neutral aniline and 4-toluidine (entries 1 vs. 2/3, 5 vs. 6/7 and 9 vs. 10/11). Nonetheless, the present system offers an improvement for the addition of electron-rich aromatic amines. In the previous system, the addition of 4anisidine to substrates 3 was particularly non-selective; when R 1 ¼ Me (a), Et (b) and n-Pr (c), ee values of 73, 16 and 17% were obtained, respectively. In comparison, the addition to 4a -c proceeded with ees of 80, 51 and 55%, respectively (entries 4, 8 and 12).
Substituent Effects
As expected, the R 1 substituent has a dramatic effect on the rate of catalytic turnover. Additions to pentenoyl (4b) and hexenoyl (4c) substrates were slower, requiring a longer reaction time than the equivalent addition to the 4a. Once again, the yields of these additions are far less sensitive to the electronic nature of the amine for a given Michael acceptor (entries 1 -4, 5 -8 and 9 -12).
Next, the electronic effect exerted by the terminal carbonyl group was examined by studying the addition to butenoyl N-imides 5a and 6a, where electron-donating (OMe) or withdrawing (Cl) groups were introduced at the para-position of the benzoyl unit (Table 4) .
Remarkably, neither the yield nor enantioselectivity of the reactions are much affected by the para-substituent of the benzoyl group. For the addition of 4-chloroaniline, decreasing the electron-density of the N-benzoyl moiety led to a slight enhancement of the enantiomeric excess (entries 1 -3). Apart from this, other additions of aniline, p-toluidine and p-anisidine appeared to be in- sensitive to the N-benzoyl substituent (entries 4 -6, 7 -9 and 10 -12). Previously, we also observed little difference between the addition of aniline to tert-butyl carbamate 3a (where R ¼ t-Bu, Scheme 1) and its methyl analogue (R ¼ Me). [1c] Thus, the enantioselectivity appears to be more dependent on the electronic nature of the amine substrate and the homology of the olefin substituent (R 1 ), with the N-substituent exerting a more global effect.
Assignment of Absolute Configuration
The product 9a was converted to the corresponding Nphenyl-substituted b-alanine 10 by hydrolysis with aqueous potassium hydroxide (Scheme 4). The (S)-(þ)-configuration was thus established by comparison of the optical rotation with previously established values. [1c] In this instance, the sense of stereoinduction is unchanged by a change in the N-substituent.
Additives and Counteranion
Following our initial work on the conjugate addition of aromatic amines to N-oxazolidinones, [1b] Sodeoka et al. reported that the enantioselectivity of these additions may be enhanced by employing the trifluoromethanesulfonate salt of the amine as the Michael donor. [8] The authors reasoned that this suppresses uncatalysed addition of the aromatic amine, and prevents catalyst deactivation by amine coordination. Thus, the reaction between 4a and the trifluoromethanesulfonate salt of p-anisidine was carried out. In our case, the use of the amine salt led to a decrease in the yield and selectivity (Scheme 5). [9] In the concluding part of this investigation, we examined the effect of the counteranion. We attempted to prepare the tetrafluoroborate salt of complex 1 via the commonly adopted halide abstraction route. The addition of silver(I) tetrafluoroborate to a solution of [R-(BINAP)PdCl 2 ] led to the formation of a mixture of compounds ( 31 P NMR), including the expected monomeric complex 11, and a m-hydroxy dimeric palladium(II) complex 12 (Scheme 6), characterised by a distinct singlet 1 H resonance at ca. À 3 ppm (corresponding to the bridging OH groups). Treating the mixture of compounds with molecular sieve 4 in dichloromethane for 3 days shifts the equilibrium to the dimeric compound 12. [10] Conversely, by employing acetone/water during the halide abstraction reaction, the monomeric palladium species 11 may be isolated. [11] When the isolated complexes were used as catalysts in the addition of aniline to 4a, lower yields and ee values were obtained: 86% (75% ee) and 31% (36% ee) for 11 and 12, respectively. The dimeric species appears to be much less catalytically active than the monomeric [a] As described in footnote [a] to Table 3 . complex. We speculate that the tetrafluoroborate salt of monomeric complex 11 undergoes dynamic exchange with the dimeric structure in solution -the small amount of HBF 4 released during this interchange catalyses a competitive racemic process, which leads to the erosion of the enantioselectivity. Thus, the trifluoromethanesulfonate counteranion plays an important role by stabilising the monomeric structure (possibly through hydrogen bonding), which leads to enhanced catalyst performance.
Conclusion
The enantioselective addition of primary aromatic amines to a,b-unsaturated N-imides, catalysed by the dicationic palladium trifluoromethanesulfonate complex 1, has been examined under a number of reaction conditions. In certain cases, significant improvements were reported. These studies reveal important factors governing reactivity and selectivity in these reactions. The important role of the counteranion was also revealed. The reaction mechanisms of these reactions will be further elucidated by kinetic and spectroscopic techniques, and reported in due course.
Experimental Section General Remarks
All manipulations involving air-and moisture-sensitive organometallic reagents were performed under a dry nitrogen atmosphere using standard Schlenk techniques. Column chromatography was performed on silica gel (Kieselgel 60, 63 -200 mm). 1 H, 13 C and 31 P NMR spectra were obtained on a Jeol EX-270 instrument ( 1 H at 270 MHz, 31 P at 109.3 MHz and 13 C at 67.5 MHz). The chemical shifts are reported in d (ppm), reference to residual protons and 13 C signals of CDCl 3 . 31 P spectra were referenced to H 3 PO 4 . The coupling constants are in Hertz (J Hz). Infrared spectra were recorded on a Mattson Instrument Satellite FTIR spectrometer; the samples were prepared either in Nujol mull or as liquid film between NaCl plates, or pressed into KBr discs. Optical rotation values were measured on a Perkin Elmer 343 polarimeter using a 10 cm solution cell. Concentration of the samples is given in g/mL. Melting points (uncorrected) were determined on an Electrothermal Gallenkamp apparatus. Chiral HPLC analyses were performed on a Gilson HPLC system equipped with an autoinjector with a 20 mL loop); detection was effected by UV absorption at 254 nm. Elemental analyses were carried out by Elemental Analysis Service, University of North London. Mass spectra (MS) were recorded on a Micromass Autospec-Q Mass Spectrometer using EI techniques. All dried solvents were purchased from Sigma Aldrich and stored under a nitrogen atmosphere. All commercial reagents were used as received without further purification.
Preparations of catalyst 1, [1a] 4a -c, [6] 11 and 12 [10] have been previously described.
4-Methoxyl-N-(but-2-enoyl)benzamide (5a)
Prepared by the procedure described previously. [6] White solid; yield: 1.53 g (70%); anal. found: C 65.66, H 5.95, N 6.26; 
N-(But-2-enoyl)-4-chlorobenzamide (6a)
To a stirred solution of 4-chlorobenzamide (1.5 g, 10 mmol) in dry THF (10 mL) at À 20 8C was added EtMgBr (1 M in THF solution, 10 mL, 10 mmol) slowly. After stirring for 1 h, transcrotonyl chloride (1.4 mL, 14 mmol) was added. The resulting mixture was stirred for 2 h, then warmed up to room temperature. Stirring was continued for 1 h, before the reaction was quenched by the addition of saturated aqueous NH 4 Cl (10 mL). The layers were separated, and the aqueous layer was extracted with ethyl acetate (3 Â 10 mL). The combined organic layers were washed with water and brine, dried over Na 2 SO 4 , and evaporated. The crude product was subject to column chromatography, then recrystallised from CHCl 3 -hexane to give 6a as an analytically pure white solid; yield: 0.6 g (27%); mp 129.8 -130.0 0 C (CHCl 3 -hexane); Anal. found: C 59.05, H 4.50, N 6.26; C 11 H 10 ClNO 2 requires: C 59.07, H 4.51, N 6.26%; R f ¼ 0.55 (EtOAc/hexanes, 1/1); IR (KBr): n max ¼ 3272 (NH), 1708 and 1670 cm À 1 (C¼O); 1 H NMR (270 MHz, 
Catalytic Reactions Conducted in Parallel using a Radleys 12-Position Reaction Carousel
For the typical catalytic experiment, each reaction tube was loaded with the catalyst, a stirrer bar and fitted with a screw Scheme 6. Equilibrium mixture between monomeric and dimeric palladium(II) complexes. cap (with a nitrogen inlet and rubber septum). The reaction tubes were placed in the carousel and purged and filled with nitrogen. The solvent, N-imide and amine were then added successively to each tube. The reaction mixtures were magnetically stirred, while the temperature of the heating block was maintained at 25 0 C by means of a thermostat. The progress of the reaction was monitored by extracting the aliquots of reaction mixture periodically via the rubber septum and recording the corresponding 1 H NMR spectra. All reactions were duplicated to within AE 3% accuracy. After the prescribed period of time, the solvent was evaporated and the residue subjected to column chromatography.
b-Amino N-Imides 9
The characterization data for 9a -9 t can be found in the Supporting Information.
Hydrolysis of Compound 9b
Compound (À)-9b (0.10 g, 0.35 mmol, 89% ee) was dissolved in 1 N KOH in MeOH (2.5 equivs.) at room temperature for 1 h, after which the solvents were evaporated. The residue was dissolved in water, and washed with portions of Et 2 O. The acidity of the aqueous phase was adjusted carefully to pH 4 by the addition of 1 N HCl, before extracting with EtOAc (4 Â 10 mL). The combined organic layers were washed with brine, dried over MgSO 4 
